Background: Human epidermal growth factor receptor 3 (HER3) is important in maintaining epidermal growth factor receptor-driven cancers and mediating resistance to targeted therapy. A phase I study of anti-HER3 monoclonal antibody LJM716 was conducted with the primary objective to identify the maximum tolerated dose (MTD) and/or recommended dose for expansion (RDE), and dosing schedule. Secondary objectives were to characterize safety/tolerability, pharmacokinetics, pharmacodynamics, and preliminary antitumor activity.
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Background
The receptor tyrosine-protein kinase (RTK) of the v-erb-b2 erythroblastic leukemia viral oncogene homolog (ErbB) receptor tyrosine kinase family, ErbB-3 or human epidermal growth factor receptor 3 (HER3), is implicated in tumor growth, proliferation, chemotherapeutic resistance, and the promotion of invasion and metastasis [1] . The HER3 protein lacks significant kinase activity and is activated through heterodimerization with other RTKs such as epidermal growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2) [2] , and HER3 is the preferred dimerization partner of the latter [3] . Dimerization can result from either overexpression of HER2, in a ligand-independent manner, or through receptor-mediated activation by the ligand neuregulin 1 (NRG1; also known as heregulin), and this leads to HER2:HER3-mediated oncogenic activation of phosphoinositide 3-kinase (PI3K) signaling [4] . HER3 thus plays an important role in maintaining EGFR-and HER2-driven cancers and mediating resistance to EGFR-and HER2targeted therapy [5] .
HER2:HER3-directed therapies benefit patients with HER-overexpressing tumors. For example, a significant improvement in overall survival was reported for the combination of the HER2 dimerization-inhibiting antibody pertuzumab with trastuzumab and docetaxel in patients with HER2-positive metastatic breast cancer [6] . Potential target HER2-overexpressing tumors include esophageal squamous cell carcinoma (ESCC; 31% HER2 positive) [7] , metastatic breast cancer (20-30% HER2 positive) [8] , and metastatic gastric/gastroesophageal junction cancer (16% HER2 positive) [9] . Preclinical data indicate that NRG1driven tumors, including those lacking HER2 amplification, may also respond to HER2:HER3-directed therapy [4] . NRG1-mediated autocrine signaling has been documented in a significant subset of head and neck tumors [10] , and NRG1 expression is particularly enriched in squamous cell carcinoma of the head and neck (SCCHN) [11] . Squamous cell carcinomas in general have been found to exhibit relatively high NRG1 expression compared with adenocarcinoma counterparts [12] . NRG1 expression is also a predictive biomarker for response to anti-HER3 therapy in human tumor xenograft models, including breast, head and neck, and esophageal cancers [11] .
LJM716 is a fully human anti-HER3 immunoglobulin G1 (IgG1) monoclonal antibody. LJM716 is distinct from other HER2:HER3-targeted therapies in that it binds a conformational epitope that traps HER3 in the inactive conformation preventing its receptor activation, and possesses the unique ability to inhibit both ligand-induced and ligand-independent activation of HER3. Both mechanisms of HER3 activation can be targeted in a number of different tumor types by LJM716, which displays single-agent antitumor activity in a range of HER2-amplified and NRG1expressing xenograft models [4] . Here, we evaluate the safety and tolerability of single-agent LJM716 in patients with HER2-positive breast cancer or gastric cancer, or with ESCC or SCCHN regardless of HER2 status.
Methods

Study oversight
This open-label, multicenter phase I study (clinicaltrials.gov registry number NCT01598077) was conducted at eight clinical centers across five countries (USA, Canada, Spain, Republic of Korea, and Taiwan). The accrual period was from July 26, 2012 to March 13, 2014 . This study was performed in accordance with the Declaration of Helsinki and the principles of Good Clinical Practice. The protocol was approved by an Institutional Review Board at each hospital, and all patients provided written informed consent before any study procedures. The study was designed by the sponsor (Novartis Pharmaceuticals Corporation). The sponsor collected the data and analyzed them in conjunction with the authors.
Patient selection
All included patients fulfilled the following inclusion criteria: male or female aged ≥18 years, Eastern Cooperative Oncology Group (ECOG) performance score ≤ 2, HER2positive locally advanced/metastatic breast cancer or gastric cancer, recurrent or metastatic SCCHN or ESCC regardless of HER2 status, with no other available effective treatment option existing (investigator decision). For breast cancer, patients were required to have documented HER2 overexpression by immunohistochemistry (IHC) 3+ or amplification by in situ hybridization according to standard guidelines [13, 14] . For gastric cancer (including gastroesophageal junction tumors), patients were required to have documented HER2 overexpression as IHC 3+ or IHC 2+ with amplification by in situ hybridization [13, 14] . For the dose-expansion phase of the study, patients (with no pre-specified tumor type) were required to have a baseline tumor biopsy and measurable disease as defined by Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [15] . There was no limit on the number of prior antineoplastic regimens received. Eligible patients had adequate hepatic, renal, and hematologic functions. Exclusion criteria included patients with untreated and/ or symptomatic central nervous system metastases, impaired cardiac function, a history of another primary malignancy requiring treatment, and if they had received prior anti-HER3 antibody treatment.
Study objectives
The primary objectives of the study were to determine the maximum tolerated dose (MTD) and/or recommended dose for expansion (RDE) and preferred dosing schedule of LJM716 as a single agent when administered intravenously (IV) to adult patients with SCCHN, or ESCC, or HER2-positive metastatic breast cancer or gastric cancer. Secondary objectives were to characterize the safety and tolerability of LJM716, to characterize the pharmacokinetics and pharmacodynamic response in tumor tissue, including the relationship between tumor HER3 inhibition and suppression of downstream signaling, to assess the preliminary antitumor activity (overall response rate [ORR], progression-free survival [PFS], and duration of response) of LJM716, and to assess the emergence of antibodies against LJM716.
Study design and treatment plan
The study consisted of a dose-escalation and a doseexpansion phase. The MTD/RDE had to be established in the dose-escalation phase from a minimum of 15 treated patients. Once established, further patients were recruited and treated at the MTD/RDE in the expansion phase to further evaluate safety, tolerability, and the antitumor activity of LJM716. The study design considered four doses of LJM716 and two administration schedules in the dose-escalation phase, starting at 3 mg/kg; then 10, 20, and 40 mg/kg once weekly (QW), and 20 mg/kg or 40 mg/kg every 2 weeks (Q2W) of a 28-day treatment cycle. LJM716 was administered by intravenous infusion over 2 h. As a result of infusion-related reactions (IRRs) during ongoing clinical studies on LJM716, a premedication regimen of acetaminophen 650 mg or equivalent, and diphenhydramine 50 mg IV or equivalent, was recommended to prevent IRR development. Each patient was allowed only one dose reduction or a dose interruption ≤28 days in case of toxicity. LJM716 administration was discontinued in patients who had disease progression or experienced a dose-limiting toxicity (DLT) or other unacceptable toxicity, at the discretion of the investigator, or by patient withdrawal.
Statistical analysis
An adaptive Bayesian logistic regression model (BLRM) [16] incorporating escalation with overdose control (EWOC) criteria was used to guide dose-escalation decisions [17, 18] and establish the MTD and/or RDE for LJM716. The two-parameter BLRM used for dose escalation included covariates to allow for changes to dosing schedule. The model was of the form
where d represents the total Cycle 1 dose, d* represents the reference dose of 40 mg/kg, π d is the probability of a DLT at dose d, and I (Q2W/Q4W) and I Q4W are indicator variables that take the value 1 if administration is once every 2 or 4 weeks (I (Q2W/Q4W) ) or every 4 weeks (I Q4W ). The probability of a DLT at the reference dose under QW administration is therefore represented byα, while γ 1 and γ 2 represent the expected log-odds ratios for the probability of a DLT between the Q2W and QW schedules, and the Q4W and Q2W schedules, respectively. The Kaplan-Meier method was used to estimate median PFS, and estimated PFS rates at fixed time points. These statistics were provided as point estimates with 95% confidence intervals (CI) if appropriate.
Toxicity assessments
Safety assessments were carried out based on frequency and severity of all adverse events (AEs) and serious AEs (SAEs), and their relationship to study drug treatment, with regular monitoring of hematology, coagulation, clinical chemistry, pregnancy and urine analysis, performance status, cardiac assessments, vital signs, physical condition, and body weight. Toxicity was graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03 [19] . A DLT was defined as the occurrence of a clinically relevant drug-related AE or abnormal laboratory value assessed as unrelated to disease progression, intercurrent illness, or concomitant medications, and occurring ≤28 days following the first dose in Cycle 1 (see Additional file 1: Table S1 for further details).
Response assessments
Tumor lesions were assessed as per RECIST v1.1 [15] by study investigators. Patients underwent screening computed tomography (CT) scans of the chest, abdomen, and pelvis, with magnetic resonance imaging (MRI) evaluation of disease not adequately imaged by CT. Tumor assessments were carried out at screening, every two cycles, and at the end of treatment if a scan was not completed within 30 days prior to the end of treatment.
Pharmacokinetics, pharmacodynamics and exploratory biomarkers, and immunogenicity
For QW dosing in the dose-escalation phase of the study, serum was collected for LJM716 pharmacokinetic assessments during Cycle 1 and at the anticipated steady state (Cycle 3), at pre-infusion, 2, 4, 10, 48, 72, 96, and 168 h post-infusion. Trough samples were collected during dose escalation, for up to 10 cycles. During dose expansion, sparse pharmacokinetic samples were collected at preinfusion, 2, 4, and 168 h post-infusion in Cycles 1 and 3, and pre-infusion samples were taken once every other cycle for up to 10 cycles. For Q2W dosing, additional time points at 216, 264, and 336 h post-infusion were added to the collection schedule during dose escalation, and were taken pre-infusion, 2, 4, 168, and 336 h post-infusion during dose expansion. Free serum LJM716 concentration was measured using a validated enzyme-linked immunosorbent assay. Parameters determined by a non-compartmental method included, if appropriate, C max , T max , AUC 0-last , AUC 0-inf , CL, V, and T 1/2 . In selected patients during dose escalation, and during dose expansion, paired pre-and post-treatment tumor biopsies were collected for pharmacodynamics studies. Biopsies were taken pretreatment and after 8 weeks of therapy, were snap-frozen and analyzed for levels of total HER3 (t-HER3), and phospho-HER3 (p-HER3) on the Collaborative Enzyme Enhanced Reactive (CEER) immunoassay platform (Prometheus Laboratories Inc., San Diego, CA). NRG1 RNA was analyzed in archival biopsy specimens by reverse transcription polymerase chain reaction (RT-PCR), to assess tumor NRG1 gene expression levels as a potential exploratory biomarker that may correlate with efficacy. Next-generation sequencing (NGS) data were also generated on a panel of genes in archival tumor samples (Foundation Medicine, Inc., Cambridge, MA), including baseline mutational status and copy number of the PIK3CA gene, and phosphatase and tensin homolog (PTEN), in order to evaluate PI3K pathway activation in patient tumors. Serum anti-LJM716 antibody immunogenicity was assessed in each patient at multiple time points, at a minimum during the first cycle and at the end of treatment.
Results
Patient characteristics
Between July 26, 2012 and March 13, 2014 (data cut-off date June 27, 2014) a total of 54 patients (24 patients in the dose-escalation phase, and 30 patients in the expansion phase) were treated with LJM716 at doses of 3 mg/kg, 10 mg/kg, 20 mg/kg, and 40 mg/kg QW, and LJM716 at 20 mg/kg Q2W. The median age of patients was 58 years (range 36-78), 38/54 (70%) of patients were aged <65 years, 37/54 (69%) were male, 35/54 (65%) were Caucasian, 40/54 (74%) had an ECOG performance score of 1, and 3/54 (6%) had an ECOG performance score of 2. Patients were heavily pretreated; 30/54 (56%) had received ≥3 prior antineoplastic regimens. Initial diagnoses were SCCHN (n = 21 [39%]), ESCC (n = 15 [28%]), HER2-overexpressing breast cancer (n = 10 [19%]), and gastric cancer (n = 8 [15%]); most patients (91%) had ≥ stage IV disease at study entry ( Table 1 ). The median duration of exposure was 8 weeks (range 1.0-47.0 weeks) across all LJM716 doses, and 8 weeks (range 1.0-39.0 weeks) at the RDE; most patients (80%) had an exposure of >4 weeks. All patients discontinued treatment, with disease progression (45 patients [83%]) as the major reason.
Dose escalation and toxicity
After each cohort completed Cycle 1 (28 days), the dose chosen was among doses that satisfied both the EWOC and the dose-escalation scheme for LJM716, where maximum increments of up to 0.5 log 10 for the first escalation (3 mg/kg to 10 mg/kg) and up to 100% thereafter (10 to 20 to 40 mg/kg) were allowed.
No DLTs were reported in the dose-escalation phase of the study. Only one patient had DLTs (grade 3 diarrhea, and grade 3 hypokalemia) during the first cycle of treatment in the expansion phase (40 mg/kg QW). The MTD was not reached and the RDE for the expansion phase was established at 40 mg/kg QW based on the BLRM, applying the EWOC principle and available clinical data including pharmacokinetics, pharmacodynamics, efficacy, and biomarkers during the dose-escalation phase. All patients had at least one AE regardless of study drug relationship. Overall, the most frequent AEs were diarrhea (52%), decreased appetite (44%), pyrexia (41%), fatigue (35%), nausea (35%), IRR (31%), vomiting (30%), constipation and dyspnea (28% each), and anemia and hypomagnesemia (26% each) ( Table 2) . Grade 3 or 4 AEs, regardless of study drug relationship, occurred in 42 patients (78%) overall. The most frequent grade 3 or 4 AEs were anemia (13%), pneumonia (11%), hypophosphatemia (9%), hypokalemia and dyspnea (7% each), and diarrhea, vomiting, dehydration, pleural effusion, and asthenia (6% each). Overall, 17 patients (31%) reported IRR symptoms as AEs; symptoms were chills (19%), pyrexia (7%), tremor (6%), increased heart rate (4%), and back pain, increased blood pressure, flushing, hypotension, sinus tachycardia, and vomiting (2% each). The most common (≥25%) study drug-related AEs were diarrhea (39%) and IRR (31%) (see Additional file 2: Table S2 ). Overall, four patients (7%) had grade 3 or 4 AEs suspected to be study drug-related, most frequently diarrhea (4%).
A total of 32 (59%) patients reported at least one SAE regardless of study drug relationship. The most frequently reported SAEs were pneumonia (13%), dehydration, dysphagia, dyspnea, and vomiting (6% each). A total of three patients (6%) reported SAEs suspected to be study drugrelated (diarrhea plus hypokalemia, pneumatosis intestinalis, and pyrexia, in one patient each in the RDE treatment group). Seven on-treatment deaths were reported during the study, all in the RDE dose group; none were regarded as treatment-related. Two patients (4%) had AEs that led to study drug discontinuation: pneumonia (grade 3) and cerebrovascular accident (grade 2) in one patient, and increased alanine aminotransferase (ALT; grade 2), and increased aspartate aminotransferase (AST; grade 1), in the othernone were suspected to be study drug related. Overall, 32 patients (59%) reported AEs requiring dose adjustment or interruption (see Additional file 3: Table S3 ).
Efficacy
Of all treated patients, 17 (31%) achieved stable disease (SD) as best response, including one patient with SCCHN who achieved a long-lasting SD >40 weeks, one with HER2-positive metastatic breast cancer who achieved SD for approximately 32 weeks, and one trastuzumab-naive ECOG Eastern Cooperative Oncology Group, EGFR epidermal growth factor receptor, HER2 human epidermal growth factor receptor 2 PS performance status, Q2W once every two weeks, QW once weekly, RDE recommended dose for expansion Fig. 1 . There were no complete or confirmed partial responses; tumor shrinkage was observed in several patients (Fig. 2) . The median PFS for patients treated at the LJM716 RDE of 40 mg/kg QW was estimated to be 1.64 months (95% CI: 1.64-1.81 months).
Pharmacokinetic studies
The clinical pharmacokinetic parameters for LJM716 are provided in Table 3 . The exposure of LJM716 increased in an approximately dose-proportional manner in the dose range 3-40 mg/kg QW. There was 2-3.5-fold accumulation at Cycle 3 (the expected steady state) after repeated weekly doses. The effective half-life was estimated to be 9-14 days. For the RDE dose of 40 mg/kg QW, mean C max and AUC last of Cycle 1 Day 1, the drug accumulation and effective half-life from the doseescalation phase, were comparable with the observations in the dose-expansion phase. Based on unpublished data, the target concentration associated with efficacy in the most sensitive mouse model (Fadu) was 125 μg/mL and approximately 500 μg/mL in all other models investigated. Administration of LJM718 40 mg/kg QW is expected to achieve the average steady-state concentration of 500 μg/mL in most of the patients.
Biomarker studies
Pharmacodynamic biomarker analysis
A decrease in p-HER3/t-HER3 after LJM716 treatment was observed in three out of five paired tumor biopsy samples ( Table 4 ).
Exploratory biomarkers
Baseline archival tumor biopsy NRG1 gene expression levels as measured by RT-PCR, and according to indication and treatment group, are shown in the Supplementary Material (see Additional file 4: Figure S1A ). No obvious relationship between baseline NRG1 expression and response could be seen Fig. 1 Duration of exposure and RECIST evaluation (FAS, N = 54). Footnote: ESCC esophageal squamous cell carcinoma, PD progressive disease, PR partial response, Q2W once every two weeks, QW once weekly, RECIST Response Evaluation Criteria In Solid Tumors, SCCHN squamous cell carcinoma of the head and neck, SD stable disease, UNK unknown based on graphical review of the data. Some lineage differences in NRG1 expression were seen; squamous cancer types, such as SCCHN and ESCC, tend to have higher NRG1 expression, indicating a ligand-driven HER3 activation in these tumor types. Interestingly, relatively high NRG1 expression was also observed in a number of HER2+ gastric cancer tumors and one breast cancer tumor, suggesting that these tumors may exhibit both ligand-dependent and ligand-independent activation of HER3. NGS studies indicated PI3K pathway activation through PIK3CA mutation (11 patients) and PIK3CA gene amplification (six patients); changes in PTEN genes, either through functional mutation, copy number loss, or frame shift, were also detected in five patients (see Additional file 4: Figure S1B ). It is noteworthy that tumor shrinkage of >20% was observed in 2 patients with confirmed PIK3CA mutation (Additional file 4: Figure S1B ).
Immunogenicity
A total of 54 patients were tested for the presence of anti-drug antibodies (ADAs) to LJM716 using an assay with high drug tolerance. No ADAs to LJM716 were detected in any samples tested.
Conclusions
Intravenously administered LJM716 was well tolerated, with an acceptable and manageable safety profile; ontarget toxicities were largely grade 1 or 2, with no obvious dose proportionality. LJM716 has dose-dependent pharmacokinetic exposure and an effective half-life between 9 and 14 days. The RDE was established at 40 mg/kg QW, which provided systemic drug levels above the minimum effective concentration established from mouse xenograft models. The pharmacodynamic biomarker data indicated that levels of p-HER3 and t-HER3 were reduced in paired tumor samples, although pharmacodynamic data are limited.
This was a small cohort study in pretreated patients that was not designed to establish efficacy; no confirmed responses were observed, although tumor shrinkage was seen in some patients. Several factors may potentially explain the limited antitumor activity observed under single-agent treatment with LJM716. Patients with HER2driven tumors did not continue HER2-directed therapy PD  PD  PD   PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  PD  UNK  UNK  PD  PD  PD  PD  PD  PD   PD  SD  SD  SD  SD   SD  SD  SD  SD  SD under LJM716 treatment, and it has been recently shown that trastuzumab-pretreated patients with HER2-driven breast tumors derive more benefit from a dual anti-HER2/ HER3 treatment strategy [20] . Similarly, patients with SCCHN might benefit from combining LJM716 with anti-EGFR therapy. Furthermore, although ESCC and SCCHN are considered to have frequent deregulation in HER2/ HER3, we did not preselect patients with such aberrations, and patients with other downstream mutations or amplifications were not excluded (11 patients had PIK3CA mutation and six patients had PIK3CA gene amplification). The results of this study are consistent with previous phase I data for the monoclonal HER3 antibody patritumab (U3-1287) which provided some evidence of disease stabilization in patients with solid tumors [21] , and which subsequently demonstrated encouraging efficacy in combination with erlotinib [22] . Similarly, RG7116 combined with cetuximab or erlotinib has demonstrated preliminary signs of clinical activity in patients with HER3-expressing tumors [23] . Future studies of LJM716 will also evaluate LJM716 in combination with other therapeutic agents, including the PI3K inhibitor alpelisib (BYL719) in patients with ESCC, and as part of the triple combination of LJM716, alpelisib, and trastuzumab in patients with HER2-overexpressing breast cancer, in which preliminary data have indicated antitumor activity in patients with PIK3CA mutations [24] . Further studies to establish the correlation of serum and tumor biomarkers with LJM716 antitumor activity may also be warranted.
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Additional file 1: Additional file 4: Figure S1 . 
Percentages represent changes in the post-baseline sample against the baseline value Positive and negative values represent biomarker inhibition (↓) and stimulation (↑), respectively HER3 human epidermal growth factor receptor 3, ND not determined, PD progressive disease, p-AKT phosphor-AKT, p-HER3 phospho-HER3, Q2W once every two weeks, QW once weekly, SD stable disease, t-AKT total AKT, t-HER3 total HER3
